We have previously found a quite strong interplay between occupational airborne pollutants, ABO phenotypes, and risk of ischaemic heart disease (IHD), with long-term exposure being associated with a significantly increased risk among men with phenotype O, and not among men with other ABO phenotypes. We suggested that the biological pathway could be a stronger systemic inflammatory response in men with blood group O. Several inflammatory mediators likely to increase the risk of IHD have recently been linked also to obesity, suggesting that long-term exposure to airborne pollutants might play a role in the aetiology of obesity. Accordingly, we tested the hypothesis that long-term occupational exposure to airborne pollutants would be more strongly associated with obesity in men with phenotype O than in men with other ABO phenotypes. DESIGN: Cross-sectional exposure-response study taking into account potential confounders. SETTING: The Copenhagen Male Study. SUBJECTS: A total of 3290 men aged 53-74 y. MAIN OUTCOME MEASURE: Prevalence of obesity (BMI Z30 (kg/m 2 )). RESULTS: Overall, no differences were found in the prevalence of obesity between men with the O phenotype (n ¼ 1399) and men with other phenotypes (n ¼ 1891), 8.6 and 9.0%. However, only among men with the O phenotype was long-term occupational exposure (at least 5 y of frequent exposure) to various respirable airborne pollutants: dust, asbestos, soldering fumes, welding fumes, organic solvents, fumes from lacquer, paint or varnish, toxic components, breath irritants, stench or strongly smelling products, and irritants (other than breath irritants or contagious components) associated with an increased prevalence of obesity. Statistically, the strongest univariate associations were found for asbestos exposure, welding fumes, and breath irritants. Odds ratios (95% confidence limits) for these factors were 3.7 (1.8-7.6), 2.7 (1.6-4.4), and 2.6 (1.5-4.4), respectively. This particular relationship of airborne exposures with obesity in men with phenotype O was supported in multivariate analysis including interaction terms and taking into account a number of potential confounders. In contrast, no gene-environment interactions with obesity were found with respect to ABO phenotypes and a number of nonrespirable exposures. CONCLUSION: The finding of a quite strong interplay between long-term exposure to airborne pollutants, ABO phenotypes, and risk of obesity may open up new possibilities for clarifying mechanisms underlying the global obesity epidemic.
Introduction
In the Copenhagen Male Study (CMS), we have previously found a quite strong interplay between occupational airborne pollutants, ABO phenotypes, and risk of ischaemic heart disease (IHD), with long-term exposure being associated with a significantly increased risk among men with phenotype O, and not among men with other ABO phenotypes. 1 We suggested that the biological pathway could be a stronger systemic inflammatory response in men with blood group O in accordance with the original proposal of Seaton et al, 2 later expanded by Sjögren, 3 that particulate air pollution may increase the risk of cardiovascular disease as this results in a release of inflammatory mediators. As recently reviewed, epidemiological studies have shown a consistent increased risk for cardiovascular events in relation to both short-and long-term exposure to present-day concentrations of ambient particulate matter. 4 As hypothesized by Das, 5 obesity may be a low-grade systemic inflammatory disease. In a recent paper, Yudkin et al 6 suggested that similar inflammatory mediators may be a link connecting obesity and coronary heart disease. The suggestion that environmental pollutants may be a risk factor for obesity has gained support from the results of another recent study by Tremblay et al. 7 In a 15-week weightloss program of 15 obese subjects and 86 nonobese controls, they showed that the obese group had lost on average a little more than 10 kg, and that, as a group, their metabolic rate had decreased by approximately 12%. In a multiple regression analysis, total plasma organochlorine (OC) concentration was the factor explaining the greatest proportion of the difference between predicted and measured metabolic rate changes during sleep induced by body weight loss. The authors concluded that 'OC pollution seems to be a new factor affecting the control of thermogenesis in some obese individuals experiencing body weight loss'. Based on these new observations, air pollution may be an obesity risk factor in susceptible people in accordance with its likely role in the aetiology of IHD. 1, 4 Accordingly, we hypothesized that the strength of association between long-term occupational exposure to air pollutants and risk of obesity may depend on ABO phenotype with phenotype O being particularly susceptible.
Subjects and methods
The Copenhagen Male Study was set up in 1970-71 as a prospective cardiovascular cohort study of 5249 men with a mean age of 48 y (range 40-59 y). The examination comprised a short interview based on a previously completed questionnaire from which information on leisure time physical activity (LTPA) level, total alcohol consumption, and smoking was used. 8, 9 With respect to LTPA, the men answered the following question: Which description most precisely covers your pattern of physical activity in leisure time? (1) , all survivors (except 34 emigrants) from the original cohort were invited to take part in this study. In all, 3387 (75%) agreed and gave informed consent; their mean age was 63 y (range 53-74 y).
The 1985-86 study took place at The Glostrup Population Studies, Glostrup Hospital, University of Copenhagen. Each subject was interviewed about a previously completed questionnaire and examined, with measurements of height and weight; a venous blood sample was taken after the subject had fasted for at least 12 h for determination of ABO phenotypes. ABO determination, including reverse typing, was performed using conventional haemagglutination technique in test tubes.
Information on 25 potentially relevant physical and chemical occupational exposures was obtained from the questionnaire. Long-term exposure was defined as frequent occupational exposure for at least 5 y. The question was phrased as follows. 'Have you at your present or previous work places often, ie several times/week or more, been exposed to: noise, bad illumination etc. Answer options were 'no' and 'yes'. 'If yes, for how many years?'' Only exposures where at least 3% of the cohort had reported long-term exposure were considered relevant for further scrutiny in stratified analyses. Thus, 22 different exposures were included for study. These exposures are specifically presented in the Results section, Tables 2 and 3 . Total weekly consumption of alcohol was calculated from questionnaire items about average alcohol consumption on weekdays and at weekends. Intakes of beer, wine, and spirits were reported separately. One drink corresponded to 10-12 g ethanol. The men classified themselves as never smokers, previous smokers, or current smokers. Current tobacco consumption was calculated from information about the number of cigarettes, cheroots, cigars, or the weight of pipe tobacco smoked daily. One cigarette was taken as equivalent to 1 g tobacco, one cheroot as 3 g tobacco, and one cigar as 4 g tobacco. As previously estimated by means of serum cotinine, the validity of tobacco reporting was high. 10 
Statistical analyses
All analyses were performed using the SPSS statistical software for Windows. 14, 15 Odds ratios were estimated by taking the natural log e raised to the regression coefficient for the variable of interest in multiple logistic regression models using either forced entry of variables or stepwise backward elimination of variables and the maximum-likelihood ratio method. 16 In accordance with the overall hypothesis of the present study, separate regression analyses were performed for blood group O and others. In principle, interaction occurs when the relationship between the exposure and the disease (in casu obesity) being measured varies according to the level of one or more covariates (in casu O phenotype/ non-O phenotype). 17 To obtain a statistical expression for the conspicuous differences observed between men with blood group O and others, in a final analysis, a multiplicative interaction term between genetic risk group (blood group O/ others) and a categorical 4-group variable signifying increasing number of airborne occupational exposures (0, 1-3, 4-6, 7-10) was included in addition to the main variables. In the use of a backward elimination procedure, all main effects were adjusted for. The finding of a significant interaction term has one of two major interpretations: either the strength of the association of the risk factor with the outcome is modified by or dependent on the genetic risk group of the participant, or the strength of genetic risk is modified by or dependent on presence of the risk factor. Odds ratios with 95% confidence limits are presented in all tables, and a priori a two-sided probability value of Po0.05 was taken as significant.
Ethics
Each participant was informed that all person data were confidential and gave written consent to participate. The study has been approved by The Ethics Committee for Medical Research in the county of Copenhagen.
Results Table 1 presents lifestyle, health, and sociodemographic characteristics of men with O and other phenotypes. Marginal differences were found, and only one factor separated men with the O phenotype from others inasmuch as O's consumed slightly less alcohol. Table 2 shows the distribution of the proportion of men long-term exposed to all of occupational exposures included in the Copenhagen Male Study. Very small differences were found between men with the O and men, with other phenotypes with no difference at all for most exposures. Table 3 shows the association between long-term exposure to various airborne occupational exposures and obesity (BMI Z30 kg/m 2 ). A separate univariate analysis was performed for each occupational exposure (model 1). Among men with phenotype O, all long-term exposures were associated with an increased odds ratio for obesity, with the strongest statistical relationships found for asbestos exposure, welding fumes, and breath irritants. In corresponding separate analyses of each respirable exposure including simultaneously all the nonrespirable exposures (coded as long-term exposure vs less) in forced entry models, the association of respirable exposures with obesity was only slightly reduced (model 2). Adjustment for lifestyle factors, age, and social class further reduced the odds ratios; yet, despite control not only for obesity-related lifestyle factors and age but also for social classFa factor per se positively associated with the occupational exposures under studyFall long-term airborne exposure variables were still associated with an increased risk of obesity, and statistically significant associations persisted for four of the 10 potentially respirable exposures examined (model 3). Among men with phenotypes other than O, some exposures were associated with a slightly higher and some with a slightly lower prevalence of obesity. As indicated by the 95% confidence intervals, none of the associations were significant on the 0.05 level, whether in the crude (ie univariate) or adjusted analyses.
A corresponding strategy of analysis was applied in analyses of the association between long-term exposure to nonrespirable exposures and obesity (Table 4) . The results of univariate as well as adjusted analyses were conspicuously different between men with phenotype O and men with other ABO phenotypes. All 12 exposures were associated with obesity among men with the O phenotype, 10 of which were statistically significant (model 1). In model 2, addressing each nonrespirable factor one at a time, and adjusting for respirable factors in a forced entry model, practically all of the excess risk was explained, with long-term exposure to cold and draught as an exception. In the final model (model 3) including in addition to long-term respirable exposures also lifestyle, age, and social class, none of the nonrespirable factors were associated with an increased risk of obesity.
Among men with other ABO phenotypes, a slightly higher risk of obesity was found among men long-term exposed to nonrespirable exposures (model 1). Further inclusion of respirable exposures in the model was incapable of explaining the association of nonrespirable exposures with obesity (model 2). In the final model (model 3) including in addition to long-term respirable exposures also lifestyle, age, and social class, odds ratios were generally reduced, although a slightly increased risk persisted for long-term cold and draught exposure and long-term exposure to strong variations of temperature. Table 5 shows the result of a multiple logistic regression model among men with phenotype O including potential covariates of obesity such has long-term exposure to Occupational air pollutants, ABO, and obesity P Suadicani et al respirable factors, lifestyle, age, and social class. Respirable exposures were included as a categorical 4-group variable consisting of men exposed to 0, 1-3, 4-6, or 7-10 of the respirable exposures using the unexposed group as a reference category. Statistically, the strongest association with obesity was found for long-term respirable exposures with an odds ratio of 8.3 (3.1-22.0) among those exposed to seven to 10 factors compared to the unexposed group, followed by LTPA, smoking, and alcohol consumption.
In a corresponding analysis among men with other ABO phenotypes (Table 6) , no association was found between obesity and long-term respirable exposures. Among men with phenotypes other than O, the strongest covariates of obesity were LTPA, smoking, social class, and alcohol consumption.
To further ascertain differences between men with blood group O and others in the relative strength of association between respirable exposures and obesity, a final logistic regression analysis was performed including all men, the genetic factor O/non-O, respirable exposures as a 4-group index variable, and a multiplicative interaction term between the two. The interaction was highly significant (P ¼ 0.003), whereas main effects of blood group O/non-O and the respirable exposure variable were excluded from the final model (P40.10) (not shown in table). Finally, we analysed the interplay of the truly strong air pollutant smoking, ABO phenotype, and obesity. To avoid the effect modifying interference of occupational airborne exposure, only men without any such exposure were included in the analysis. Figure 3 shows that no differences were found in the proportion of obesity among smokers and nonsmokers in men with the O phenotype; in contrast, smoking was associated with a highly significantly lower prevalence of obesity among men with other phenotypes, Occupational air pollutants, ABO, and obesity P Suadicani et al Occupational air pollutants, ABO, and obesity P Suadicani et al and an almost two-fold higher prevalence of obesity among nonsmokers.
Discussion
The results of this study supported the hypothesis that, with respect to risk of obesity, men with the O phenotype are more susceptible to airborne occupational exposures than men with other phenotypesFa gene-environment association never previously reported.
Could the results presented be due to major sources of bias associated with selection, measurement, or confounding?
The distribution of ABO phenotypes in the study did not deviate from previous Danish studies carried out on bloodbank and medico-legal specimens. 18 Accordingly, genetic selection with respect to ABO phenotypes seems an unlikely explanation for our findings. Measurements on occupational exposures in this study were exclusively based on self-reportingFa method known to be potentially imprecise. However, in previous analyses carried out in the CMS, it was possible to validate some selfreported occupational exposures by relating self-assessment to social class, job titles, job functions, and prevalence of chronic bronchitis. [19] [20] [21] These analyses gave no reason to suspect major bias in self-reported occupational exposures. Furthermore, imprecision in self-reported work exposures would not be able to explain our findings but rather tend to dilute the associations found. To take into account major lifestyle factors associated with weight, adjustments were made for LTPA level, alcohol use, and smoking habits. These factors did not explain differences in obesity risk between men with phenotype O and men with other ABO phenotypes.
Are the observations biologically plausible? Air pollution is a heterogeneous, complex mixture of gases, liquids, and particulate matter. Several plausible biological pathways have been described, including systemic inflammatory responses. 4 Yudkin et al 6 suggested that interleukin-6 (IL-6) may be the link connecting coronary heart disease and obesity. IL-6 decreases lipoprotein lipase and monomeric lipoprotein lipase levels, which increases macrophage uptake of lipids. Furthermore, circulating IL-6 stimulates the hypothalamic-pituitary-adrenal (HPA) axis, activation of which is associated with central obesity, hypertension, and insulin resistance. 6 It has been shown that individuals with Table 4 Odds ratios with 95% confidence limits (OR) for obesity (BMI Z30 kg/m 2 ) according to long-term occupational exposure to nonrespirable occupational pollutants (at least 5 y of exposure several times a week or more vs less exposure) among men with O phenotype and men with other ABO phenotypes Occupational air pollutants, ABO, and obesity P Suadicani et al blood type O have an increased inflammatory response when exposed to Helicobacter pylori, with a significantly increased release of IL-6, one of the inflammatory parameters also previously linked with risk of IHD 22 and also with obesity. 5, 6 As recently reviewed by Dandona et al, 23 inflammatory mediators seem to be not only concomitant phenomena of obesity and diabetes, but even relevant predictors of obesity and diabetes. These predictive mediators include IL-6 and Creactive protein. Occupational air pollutants, ABO, and obesity P Suadicani et al
The associations and interactions presented in this study support the suggestion that some common underlying biological mechanism may lead to either obesity or IHD. Typically, among men with the O phenotype, long-term exposure was associated with an odds ratio for obesity of a factor two to three, although the proportion of men longterm exposed to the various exposures under study varied from a little more than 3% (asbestos exposure) to 9% (organic solvents exposure). As a point estimate, the strongest association was related to asbestos exposure. Although this finding may be spurious, it cannot be excluded that the particular characteristics of asbestos exposure may cause a more biopersistent and stronger effect on inflammatory mediators, since, depending on the physical and chemical properties of the asbestos fibres, macrophages may be unable to engulf and thus remove these fibres.
Considering the established strong association between overweight and risk of diabetes, our results are further interesting in the light of the observation of Lockwood, that a strong statistical correlation seems to exist between prevalence of diabetes and air pollution. In an analysis correlating data on total air toxicants in different US states with prevalence of diabetes in these states, a highly significant correlation was found, r ¼ 0.54, P ¼ 0.000057. 24 Finally, the conspicuous difference in the interplay of smoking, ABO phenotype, and obesity prevalence between men with the O phenotype and others ( Figure 3 ) support that O's have a different physiological response when exposed to a high level of airborne pollutants. It can further be speculated that with respect to weight control, the majority of men with the O phenotype may not have any substantial effect of smoking.
Conclusion
The finding of a quite strong interplay between airborne pollutants, ABO phenotypes, and risk of obesity are analogous to our previous finding of a significant interplay of airborne pollutants, ABO phenotypes, and risk of IHD with blood group O being particularly susceptible. This apparent gene-environment interaction may, for example, open up new possibilities for clarifying mechanisms underlying the global obesity epidemic.
